Cylinders made of lightweight gypsum are extracted from industrial plasterboard and then indented in-situ in an X-ray tomograph. The results from the in-situ experiment show that a compacted zone develops under the indenter, which is displaying a very sharp boundary with the undamaged material. Tomographic imaging during the mechanical load associated with digital volume correlation enable the displacement elds to be measured during the test. However, because of the inhomogeneous nature of the indentation test, a high spatial resolution for the displacement is called for, and because the range of displacement amplitudes is small, uncertainties on the measured displacement and strain elds are large. In this study, a new methodology is presented to address integrated digital volume correlation based on a library of elds computed from a commercial nite element software. It allows many uctuations in the estimated displacement elds to be ltered out and the measurement to be much more robust and reliable. This opens new pathways for the identication of mechanical properties.
Introduction
Plasterboard is a low-density material, which is composed of lightweight gypsum core lined with paper coating. Two main routes are commonly followed for the production of porous gypsum. In the rst method, gas bubbles are formed in the gypsum paste through very rapid mixing and chemical additives. The second one consists of foaming by air entrainment in the wet gypsum paste [1] . The objective of introducing foam in the board slurry is to create voids 1 to further reduce the nal weight of the board at xed plaster/water ratio. To improve the adhesion between paper and plaster, starch is added in most cases. This is benecial to the board exural strength.
The relationship between the microstructure and the mechanical properties of the core of the board [2, 3, 4] , or the evaluation of the re resistance of a partition wall made of plasterboard [5] have already been studied in detail. Benouis [6] showed the orthotropic nature of plasterboard, which is a consequence of the tensile behavior of the paper. However, lightweight gypsum as such has received only little recognition as a structural part; its mechanical behavior and fracture resistance are scarcely investigated in the scientic literature. Yet, some mechanical properties are required for boards, and hence a good knowledge of the mechanical degradation is a need. In the sequel, it is proposed to use X-ray tomography to investigate mechanical properties of plasterboards.
X-ray tomography is a powerful non destructive technique allowing the material microstructure to be characterized [7] . It has been used by numerous laboratories to investigate the microarchitecture of trabecular bone [8] , to characterize the microstructure of cellular materials [9] , to qualitatively reveal damage mechanisms in the bulk of particulate composites [10] , to visualize propagation of cracks in fatigue [11] . To make progress in the understanding of deformation and damage mechanisms in samples, it is crucial to be able to observe the latter ones at the same time as they are loaded. The development of in-situ experiments monitored by X-ray tomography started with the observation of Guvenilir et al. [12] . Since then, mechanical testing coupled with in-situ tomographic observations has been developed [8, 13, 14] . The actual microstructures may then be used in nite element calculations in which numerical models are produced to represent as precisely as possible the architecture of these materials [15, 9] .
Another way to exploit the reconstructed volumes is to use Digital Volume Correlation (DVC) [8, 16, 17] to measure displacement elds in the bulk of the sample. DVC is the 3D extension of standard digital image correlation [18] . It can either be local (or subset-based) or global when global constraints such as continuity are prescribed to the measured elds [19] .
The latter approach was used to analyze the correlation between local density and strain levels in stone wool [20] , stress intensity proles in a cracked sample [21] or to identify and validate constitutive and numerical models [22] .
In the following, indentation tests will be carried out to analyze the behavior of gypsum.
They are relatively easy to perform on a specimen of simple shape and small volume. They can be used to characterize the mechanical behavior of materials. The spherical indenter, compared to other geometries, has two major advantages. The rst is the ability to distinguish the transition from the elastic behavior to the elastoplastic behavior, a very interesting feature especially for materials with low yield stress. With conical or pyramidal (i.e. sharp) indenters, plasticity begins as soon as contact is established with the medium. Second, it has been shown that with a pyramidal indenter, several sets of material parameters can give rise to very similar load-displacement curves. The discriminating character is somewhat more pronounced for a spherical indenter [23] .
Early works on the indentation of foams have suggested that their response is controlled to a large extent by their compressive strength [24, 25] . A review of the existing literature on indentation tests shows that spherical indentation was used to study ceramics (e.g. alumina whose porosity ranges from 2.5 % to 18 % [26] ). The results conrm that a porous material is more susceptible to damage than cracking macroscopically in a brittle manner. Several works have been published on the modeling of the indentation behavior of cellular materials [27, 28] .
Some of the studies concern brittle dense rocks and much less attention has been paid to the problem of indentation of porous rocks [29, 30] .
X-ray tomography has been applied to the indentation of aluminum-based metallic foams [31] . In the latter study X-ray tomography revealed that the deformation was found to be almost restricted to a spherically shape compacted zone under the indenter. Smith and Bay [32] used DVC to quantify strains in aluminum foam and to compare them with simulated elds using an isotropic nite element analysis. DVC has also been used to measure strain elds in spherical indentation of a closed-cell and open-cell aluminium foams [33] . Mostava et al. [34] used DVC to study the fracture behavior of a short-bar chevron notch crack propagation specimen made of polygranular nuclear graphite (i.e. a quasi-brittle material). However, in the analyzed cases the strain levels were very small, much smaller than the strain measurement uncertainty.
In this study, cylinders made of lightweight gypsum are tested in-situ by using a spherical indenter. As for other materials (see above), the nal aim of this test is to analyze the transition from the elastic behavior to the nonlinear response in the compacted zone. The actual state of strain and stress has to be evaluated. Therefore there is a need for measuring very small strain levels in most of the material and detecting high strain gradients in the transition zone. A new method of integrated digital volume correlation adapted to the spherical indentation test is presented to address these issues. It is proposed to couple in-situ experimental tests, DVC and numerical simulations. The key is to design a reduced kinematic basis, i.e. using very few degrees of freedom, yet being faithful to the kinematics of the test. The advantage of such an approach is that it may benet from prior knowledge on the expected displacement eld. As the deformation progresses, the indenter is supported by a continuously increasing crushed zone of compacted plaster. A comparable load-penetration relationship was obtained for porous rocks [30] . Figure 3 shows 3D renderings of the reconstructed volumes of the sample in its reference conguration and at the eighth loading step. The compacted zone, where the microstructure is crushed due to the compression load, is clearly visible on the top part of the 3D rendering. The densied zone is located directly below the head of the indenter and a semi-ellipsoidal shape develops. However outside of the compacted region, the microstructure remains unaltered. As the load level increases, a larger crushed zone is formed under the indenter. After a certain load level, this crushed and compacted region acts as a virtually incompressible material that transfers the stresses to the surrounding intact plaster. Once the compaction zone is fully developed, the shape of the indenter is no longer relevant to the indentation process, which is totally controlled by the size and shape of the compaction zone. A similar phenomenon with a comparable shape was previously observed for highly porous refractory bricks (i.e. 65 % porosity [29] ), articial porous rock [30] and aluminium foam [32, 31] .
The aim of the next section is to introduce the global DVC approach to be used to measure displacement and strain elds in this type of experiment. One of the challenges is related to the fact that very small strain levels occur outside the crushed zone, and the latter is not directly accessible to standard DVC.
Global DVC
In the present study, a global approach to DVC [19] is used. The displacement eld is decomposed over nite element shape functions. It allows for a direct coupling with numerical simulations [21, 22] . If the reference (respectively, deformed) image is represented by a three-dimensional gray level-valued eld, f (x), (respectively, g(x)), the gray level conservation requires that
where u denotes the unknown displacement eld. Measuring a displacement eld consists of minimizing the square of the correlation residual φc
The minimization of φ 2 c is a nonlinear and ill-posed problem. In particular, if no additional information is available, it is impossible to determine the displacement for each voxel independently since there are three unknowns for a given (scalar) gray level. For these reasons, a weak formulation is preferred. After integration over the whole Region Of Interest (ROI) Ω, the global correlation residual Φ 2 c reads
in which the displacement eld is expressed in a (chosen) basis as 
and ∂Φ 2 c /∂{u} i is recast in a matrix-vector product as
with
and
In the above equation the corrected deformed image, g(x + u i (x)) is computed with a trilinear gray level interpolation.
At this level of generality, many choices can be made to measure displacement elds. When dealing with volumes, eight-noded elements with classical nite element bases can be used [19] .
The latter is referred to as C8-DVC (i.e. global DVC with 8-noded cubes). In the sequel, C8-DVC will be used since no displacement discontinuity is sought. Consequently, the region of interest is discretized with nite elements for which the displacement eld is interpolated with trilinear shape functions. Global C8-DVC is rst used to measure 3D displacement elds in the bulk of the sample. A regular mesh with C8 elements is used. The displacement eld at the n-th load level is assessed by correlating the n-th volume with the initial volume (unloaded state considered as the reference). The region of interest has a size of 576 × 576 × 256 voxels (or 6.9 × 6.9 × 3.07 mm). The size of the C8 elements was chosen to be 8 voxels (i.e. 96 µm, which is of the order of the wall size). This choice resulted in a little more than 360,000 unknown kinematic degrees of freedom.
The measured displacement eld is shown in Figure 4 . As the crushed region has lost its microstructure, this region is masked from the ROI and the displacement eld remains undetermined there. A simple interpolation is used to compute the residual eld shown in Figure 4 (a).
In in combination with small element sizes. As a consequence, the strain uncertainty for such a small element size is quite large (i.e. 5 × 10 −2 ). This rst analysis shows that even with very small element sizes, global C8-DVC provides a good rst displacement estimate. However, it is corrupted by measurement uncertainties and strain evaluations cannot be achieved faithfully at such a small scale.
To go beyond the previous results, the crucial point is to select the appropriate discretization of the sought displacement eld. Large elements possibly allow for a low uncertainty in the measured displacement at the expense of a poor spatial resolution. Conversely, ne meshes induce better spatial resolutions, but because of the fewer voxels considered per element, displacement uncertainties are larger. In addition, reconstruction artifacts are inevitably present in the image [35] and thus very small element sizes can hardly be used. Hence, the analysis of the displacements results from a compromise between spatial resolution and displacement uncertainty [36, 37] . Both quantities are inuenced by the image texture and the complexity of the displacement eld [38] .
Complexity is to be understood here as the ability to capture the actual displacement eld with a specic discretization. Because in the elastic domain, strains are expected to decay as 1/r 2 where r is the distance to the indentor center, a signicant discretization error is expected for coarse meshes in particular close to the indentor or the boundary of the crushed zone. This very rapid decrease of strain with r constitutes an intrinsic inhomogeneity (not due to the random microstructure) that is challenging for DVC. Further, Gaussian ltering (especially at boundaries) although commonly used in Digital Image Correlation cannot be trusted in the studied case, as even in the absence of noise, it will severely aect the strain eld. What would be needed is a lter that preserves a mechanically meaningful component and only damps out spurious uctuations. Recently, Leclerc et al. [37] proposed such a lter in so-called regularized DIC or DVC, where rather than using a Gaussian lter, a mechanical modeling can be used to assist DVC. This procedure could have been used here but the following procedure proposes an alternative route to circumvent the diculty of using a ne mesh (and hence a large uncertainty)
in spite of the fact that the displacement elds in indentation tests are expected to display steep gradients.
Reduced basis in DVC
The idea is to design a reduced basis, which is adapted to the indentation test and thus allows for an accurate description of the test kinematics especially at the interface of the crushed zone and the remainder of the sample that is assumed to behave elastically. The fact that some a priori information on the sought displacement elds is available allows for a signicant reduction in the number of degrees of freedom. Because the studied domain excludes the crushed zone, and that no sign of deviation from linear elasticity is observed, it is assumed that the behavior remains linearly elastic in the entire domain studied by DVC. The porous gypsum is treated as a homogeneous and isotropic solid, with Poisson's ratio ν = 0.15 (note that the Young's modulus is not needed). In the present case, the displacement elds have a low sensitivity to
Poisson's ratio when it is varied between 0 and 0.2.
Moreover, the boundary conditions are known over a large part of the domain boundary, ai, are also used to compute the actual displacement at the boundary of the masked region. It is worth noting that the computation time of C8-DVC is much higher than that of the reduced basis because of the number of unknowns has been drastically reduced (from 360,000 to 9 in the present case).
The boundary conditions used hereafter consist of (i) a rigid body motion on the face opposite the indentation (adjusted from a coarse C8-DVC analysis), (ii) traction-free surfaces over all other surfaces apart from the boundary of the crushed domain, S and (iii) on the S boundary, the displacement is sought as a kind of spherical harmonics expansion (truncated at low orders) for each component. More precisely, the library of elds used to describe the 6 displacement is rst restricted to axisymmetric modes written as
where θ and ϕ are respectively the polar and azimuthal angles. As shown in Figure 5 , w is a the displacement along the radial e r direction, and v along e θ . Both elds, v and w read v(θ; ai) = a1 + a2 cos(θ) + a3 cos(2θ) + a4 cos(3θ) w(θ; ai) = a5 sin(θ) + a6 sin(2θ) + a7 sin(3θ) (9) where ai (i = 1, ..., 7) denote the amplitudes of the elds to be identied. It revealed necessary to enrich this basis by two additional elds to account for a breakdown of axisymmetry that was not anticipated initially. It was chosen to impose over S a uniform displacement along x and y, respectively for modes 8 and 9. These two elds account for a lateral motion of the indentor in addition to its normal penetration. Let us also note that the rigid body motion measured on the face opposite the indentor, as shown in Figure 6 (a), is not axisymmetric either. This spurious motion may be due to a compliant indentor axis combined with slight heterogeneities in the to-be-crushed plaster. Let us emphasize the fact that beyond the specic choice made herein, the proposed approach is extremely exible and can easily be enriched to account for whatever eect could be detected and modeled, such as the present breakdown of symmetry, or possibly the occurrence of an indentation crack (not observed hereafter). Last, mixing Dirichlet
and Neumann boundary conditions for dierent elds ψi is totally transparent in the present
setting.
An overview of the mesh of the FE model used to compute the displacement basis, which uses tetrahedral elements, is shown in Figure 6 . Close to the boundary of the crushed zone, the element size is of the order of 100 µm (or 8 voxels). In the same gure, two examples of displacement elds generated by Abaqus are presented.
From the nite element simulations, nine displacement elds dened at the location of each voxel from the nite element shape function are obtained (so that no mesh is needed anymore for the subsequent DVC analyses). However, as the displacement of each eld spreads over the entire domain, the problem to be solved at each time step is global and involves a full correlation matrix [M ] . Its size being very modest (i.e. 9 × 9) the correlation calculation is not the limiting step. Convergence is observed to be excellent, and the level of mean correlation residuals (5.14 %) is comparable to that observed with the initial C8-DVC basis (5.06 %).
This result validates the chosen kinematic basis. Let us emphasize the fact that the number of kinematic degrees of freedom has been reduced from about 360,000 to 9. Moreover for any combination of amplitudes {ai}, the resulting displacement eld obeys the equilibrium and constitutive equations as well as the traction-free or prescribed rigid motion at the basis of the specimen.
The displacement elds measured with the reduced kinematic basis are shown in Figure 7 .
Comparing the displacement elds obtained by the two approaches, it is noted that the same range of displacement is measured. However most of the uctuations are ltered out, yet the long wave features are still captured. The uncertainty on the measurement of the displacements elds is estimated in the same remote region from the compacted area. The standard displacement uncertainty is of the order of 0.03 voxel or ≈ 0.3 µm. Comparing the latter with results obtained by C8-DVC (≈ 5 µm), there is a marked decrease in the standard displacement uncertainty. Similarly, the strain uncertainty is less than 2 × 10 −3 , i.e. at least one order of magnitude lower than previously observed. Figure 8 shows the deviatoric and volumetric strain elds in the same plane as they are estimated with both procedures, namely, reduced basis (a) and C8 approach (b). It is worth noting that the dynamic range has to be increased for the standard C8 approach when compared with the results obtained with the reduced basis approach. For C8-DVC, the uctuations are mainly associated with measurement uncertainties as opposed to the new approach that is able to capture the strain gradients. Note also that the deviatoric strain is a positive quantity and hence its average value for a noisy displacement eld will remain well above the average of a noiseless eld.
From the latter determination, the elastic strain or stress components, in particular on the boundary of the crushed domain, can be computed more reliably. Figure 9 shows the results obtained with the optimal amplitudes. The displacement eld is presented in Figure 9 (a).
It is observed that the optimal displacement eld is not axisymmetric. The choice for the reduced basis may appear as somewhat arbitrary. It has to be simple (to limit uncertainty) and yet representative (to be able to account precisely for the actual displacement eld). Representativeness is checked by considering the residual eld, ideally comparable to that achieved with the rst C8 procedure. Simplicity means that a minimum number of elds is to be used. A natural basis is provided by a multipolar expansion, akin to spherical harmonics. This expansion has been further simplied to account for axisymmetry, and truncated to low orders. As discussed above, the rst choices were not representative (i.e.
led to large correlation residuals) until deviation from axisymmetry was introduced. This choice is certainly not unique, and it is possible that other designs would lead to smaller numbers of elds. What is important is that the above choice does fulll the above two criteria as shown below.
In order to quantify the sensitivity of the results to the choice of displacement elds of the reduced basis, two other choices are considered. The measured rigid body motion is still prescribed on the bottom of the sample and dierent combinations of numerical elds (see Equation (9) ) are prescribed on the boundary of the crushed zone. For the basis that contains at least the rst eld of the series (a1) and the two shear elds (i.e. of amplitudes a8 and a9), the results are very close to those obtained with 9 elds. The mean correlation residual is equal to 5.16 %, level very close to the values found by C8-DVC, 5.06 %, and with the rst set of amplitudes (i.e. a1 to a9) 5.14 %.
Any attempt to reduce further the number of elds (less than three elds, i.e. of amplitudes a1, a8 and a9) results in a signicant degradation of the residual level, showing that the proposed restriction is inappropriate. Let us emphasize on the fact that the strong assumptions that are made to reduce the kinematic basis are not to remain unchallenged. The residual eld and mean value provide objective quality estimates with appropriate spatial resolution to judge whether the initial assumptions can be deemed acceptable, or if they are to be revisited or relaxed.
Conclusions and perspectives
In situ mechanical tests within a tomograph, and in particular indentation tests, are seen to be well suited for an exhaustive characterization of the full 3D kinematics, and hence identication from such DVC results is appealing. However, material microstructure, tomography artifacts, test inhomogeneity may all lead to large uncertainties. The proposed methodology is a way to alleviate those diculties through the exploitation of known prior information within digital volume correlation. 
